154 words 29 30 One Sentence Summary : CHMP7's atypical N-terminus is a membrane-binding module that allows 31 assembly and function of ESCRT-III at the nuclear envelope during mitotic exit. 32 33 34 2 Abstract 35 Amongst other cellular functions, the Endosomal Sorting Complex Required for Transport-III 36 (ESCRT-III) machinery controls nuclear envelope (NE) reformation during mitotic exit by 37 sealing holes in the reforming NE. ESCRT-III also acts to repair this organelle upon migration-38 induced rupture. The ESCRT-III component CHMP7 is responsible for recruitment of ESCRT-39 III to the NE. Here, we show that the N-terminus of CHMP7, comprising tandem Winged Helix 40 (WH)-domains, is a membrane-binding module. This activity allows CHMP7 to bind to the 41 Endoplasmic Reticulum (ER), an organelle continuous with the NE, and provides a platform to 42 direct NE-recruitment of ESCRT-III during mitotic exit. Point mutations that disrupt 43 membrane-binding prevent CHMP7 localising to the ER and its subsequent enrichment at the 44 reforming NE. These mutations prevent both assembly of downstream ESCRT-III components at 45 the reforming NE and proper establishment of post-mitotic nucleo-cytoplasmic 46 compartmentalisation. These data identify a novel membrane-binding activity within an ESCRT-47 Proteins). CHMPs are soluble cytoplasmic proteins, but can transition to a filament-forming state upon 61 co-polymerisation. Adaptors and upstream ESCRT components (ESCRT-I, ESCRT-II and ESCRT-62 associated proteins such as ALIX or HDPTP) recruit ESCRT-III to sites of activity; during cytokinesis, 63 CEP55 recruits ESCRT-III via TSG101 and ALIX; during plasma membrane repair, ALG2 is 64 necessary for ESCRT-III recruitment (Scheffer et al, 2014); during HIV-1 release, viral Gag proteins 65 recruit ESCRT-III via TSG101 and ALIX; during MVB biogenesis, an HRS/Vps27-containing 66 complex recruits ESCRT-III to endosomes via ESCRT-I and ESCRT-II. Once recruited, ESCRT-III 67
III subunit that is essential for post-mitotic nuclear regeneration. pathological conditions (Raab et al, 2016; Denais et al, 2016) . In these processes, ESCRT-III is thought 56 to function on the cytoplasmic face of a membranous stalk, acting to resolve this stalk, and bringing 57 about separation of previously connected membranes. In yeast, ESCRT-III also surveilles and extracts 58 damaged nucleoporins from the NE (Webster et al, 2014) . ESCRT-III is a filament-forming complex 59 comprising polymers of CHMPs (Charged Multivesicular Body Proteins/Chromatin Remodelling 60 3 stimulate incorporation of late-acting ESCRT-III components (Olmos et al, 2015) , the machinery itself 71 is recruited by the poorly studied ESCRT-III subunit, CHMP7 (Vietri et al, 2015; Denais et al, 2016) . 72
Here, we set out to discover activities in CHMP7 that contribute to ESCRT-III function on the 73 reforming NE. 74 75
Results and Discussion 76
CHMP7 is unique amongst ESCRT-III subunits in that it contains an extended N-terminus (NT) 77
( Figure S1A ) that we hypothesised may be important for its role in NE regeneration. To minimise 78 artefacts associated with fixation and to preserve signal intensity when imaging, we imaged living cells 79 stably-expressing low levels of GFP-CHMP7 expressed from weak retroviral promoters. We were 80 surprised to find that whilst CHMP7 was recruited as expected to the NE during mitotic exit, in 81 addition to a cytoplasmic pool, it decorated ER membranes in interphase and mitotic cells ( Figure 1A -82 Figure 1C , Figure S1B -S1D, Movie 1-4). Whilst antibodies against CHMP7 were unsuitable for 83 immunofluorescence, we could detect endogenous CHMP7 in ER-fractions from homogenised cells 84 ( Figure 1D , Figure 1E and Figure S1E ) and saw no localisation of CHMP7 to the midbody (Figure 85 S1F). We developed siRNA targeting CHMP7 and visualised ER localisation and NE enrichment in 86 CHMP7-depleted cell lines stably expressing near endogenous levels of siRNA-resistant GFP-CHMP7 87 ( Figure S2 , Movie 5). Long thought to be absent from yeast, S. cerevisiae Chm7 was recently shown to 88 localise to the ER (Bauer et al, 2015) , suggesting that this localisation is evolutionarily conserved. 89
During NE reformation, all other ESCRT-III subunits are recruited from the cytoplasm (Olmos et al, 90 2015; Vietri et al, 2015) ; given that the NE is formed from the ER (Lu et al, 2009; Anderson & Hetzer, 91 2007), a pre-existing ER localisation for CHMP7 suggests a platform from which this recruitment 92 could occur. Analysis of stable cell lines stably expressing GFP-CHMP7 NT revealed that CHMP7's N-93 terminus directed localisation to the ER ( Figure 1A , Movie 6, Movie 7), but this protein exhibited little 94 stabilisation at the reforming NE ( Figure S3A ). ER-localisation was confirmed in cells stably 95 expressing mCh-CHMP7 NT (Fig S3B, S3C) . In contrast, the C-terminus of CHMP7 (CHMP7 δNT) was 96 cytosolic and displayed neither ER-localisation nor stabilisation at the reforming nuclear envelope 97 ( Figure 1F , Movie 8), despite containing the CHMP4B/ESCRT-III interaction domain (Horii et al, 98 2006) . CHMP7 is responsible for recruiting downstream ESCRT-III components to the reforming NE 99 through CHMP4B (Figure S3D-S3F) (Vietri et al, 2015) . Fusion of siRNA-resistant CHMP7 NT to 100 CHMP4B directed cytoplasmic CHMP4B to the mitotic ER and restored its enrichment at sites of 101 annular fusion at the forming NE in the absence of endogenous CHMP7 ( Figure S3B -S3D). These data 102 indicate that CHMP7's NT is an ER-localisation domain that is essential for downstream ESCRT-III 103 assembly at the reforming NE. 104 105 4 Analysis of the secondary structure of CHMP7 NT has revealed the presence of tandem winged helix 106 (WH) domains (Sundquist & Ullman, 2015; Bauer et al, 2015) resembling those found in ESCRT-II 107 subunits ( Figure S4A ). In the context of endosomal-sorting, membrane anchored ESCRT-II serves to 108 recruit ESCRT-III to endosomes through interaction of the 2 nd WH domain of VPS25 with the ESCRT-109 III component VPS20/CHMP6 (Teis et al, 2010; Im et al, 2009 ). Bauer et al. (Bauer et al, 2015) have 110 suggested that CHMP7 represents a fusion of ESCRT-II and ESCRT-III subunits, and given the role 111 for CHMP7 in initiating ESCRT-III assembly at the NE, we wondered if this region of CHMP7 acted 112 as a membrane-adaptor at this organelle. HH-Pred alignments of CHMP7 matched its NT to VPS25 113 (Bauer et al, 2015) and by aligning predicted secondary structural elements in CHMP7 to those present 114 in the crystal structure of VPS25, we noted an evolutionarily conserved extension of the loop between 115 the β2-β3 hairpin in the 1 st WH-domain of CHMP7 NT ( Figure S4A ). 116
117
As deletions through CHMP7 NT destabilised the protein ( Fig S3B) , we performed scanning 118 mutagenesis through CHMP7 NT to identify regions necessary for ER-localisation ( Figure S4B , S4C). 119
We discovered 12 mutagenic tetrads that prevented ER localisation, five of which were found on the 120 extended loop in the β2-β3 hairpin in the 1 st WH-domain of CHMP7 NT . To understand where the 121 remainder lay, we created a homology model of CHMP7 NT (lacking the extended loop between WH1 122 β2-β3) based upon the crystal structure of VPS25 ( Figure S4D ). This model revealed that the 123 remainder of mutations mapped to regions that were either in, or engaged with, residues on the β2-β3 124 hairpin in the 1 st WH-domain of CHMP7 NT ( Figure S4D ). Replacement of the loop between the β2-β3 125 hairpin with a Gly-Ser-Gly-Ser linker (δ107-148) prevented ER localisation ( Figure 2A ). As alanine 126 changes in blocks of 4 may have detrimental effects on the secondary structure of CHMP7 NT , we 127 mutated individual residues within this loop to discover if more conservative mutations could disrupt 128 ER localisation. This revealed that mutation of 6 evolutionarily conserved hydrophobic residues (W118, 129 W121, F126, L127, L128 and L131, or deletion of this hydrophobic stretch (δ118-128, Figure 2A and 130 2B) prevented ER localisation of CHMP7 NT . We introduced these mutations in the context of full-131 length CHMP7 and found that the point mutations and deletions that prevented ER-localisation of 132 GFP-CHMP7 NT also prevented localisation of full-length GFP-CHMP7 to this membrane and further 133 prevented subsequent enrichment of this protein at the reforming NE ( Figure 2C , Movies 9-14). These 134 data indicate that CHMP7 cannot be recruited to the reforming NE from the cytoplasm. 135
136
Given the requirement for conserved hydrophobic residues in establishing ER-localisation, we 137 wondered if they acted as a membrane-binding region to anchor this protein in the ER. In support of 138 this, we found that GST-CHMP7 NT , but not GST, could be avidly captured upon liposomes ( Figure 3A -139 D). HIS-CHMP7 NT could also be captured on liposomes ( Figure S5A ), excluding the possibility that the 140 GST-tag was influencing binding. The fusogenic lipid diacylglycerol has been implicated in NE 141 reformation (Domart et al, 2012) , however, we found membrane interaction of CHMP7 NT was 142 insensitive to the presence of diacylglycerol ( Figure 3C , 3D). We also found membrane interaction to 143 be insensitive to the degree of membrane-curvature ( Figure S5B , S5C). Mutation of residues that 144 disrupted ER-localisation prevented GST-CHMP7 NT from binding liposomes, with deletion of the 145 hydrophobic cluster (δ118-128), or individual mutation of L127A or L131A having the strongest effect 146 ( Figure 3E and 3F). Importantly, these mutations did not destabilise GST-CHMP7 NT ( Figure S5D ). 147
These data indicate that an evolutionarily conserved cluster of hydrophobic amino acids in an extended 148 loop on the 1 st WH-domain of CHMP7 NT act as a membrane anchor that directs ER-localisation and 149 provides a platform for ESCRT-III recruitment at the reforming NE. subunit VPS25, and consistent with a role for ESCRT-II in recruiting ESCRT-III to cellular membranes, 177 this region directs ESCRT-III assembly at the NE. WH-1 of CHMP7 NT contains a membrane anchor 178 that localises this protein in the ER; C. elegans ESCRT-II has been suggested to localise to the 179 sarcoplasmic reticulum, suggesting that the tandem WH-fold may play a broader role in ER targeting 180 (Lefebvre et al, 2016) . Membrane binding by the CHMP7 NT domain is necessary for ER localisation, 181 subsequent enrichment of CHMP7 at the reforming NE and, given CHMP7's ability to bind CHMP4 182 proteins (Horii et al, 2006) , is essential for assembly of downstream ESCRT-III components at sites of 183 annular fusion. Importantly, we demonstrate that these ESCRT-III subunits cannot be recruited to sites 184 of annular fusion from the cytosol in the absence of a membrane anchored CHMP7 to facilitate their 185 incorporation at this organelle. CHMP7 is thus an ER-specific membrane-adaptor for ESCRT-III that poor-signal strength, we elected to use cells expressing higher GFP-CHMP7 for subsequent mutagenic 308 analysis in Figure 2C . given as text sequence with δ118-128 region underlined and L127 highlighted. Residues highlighted in 356 red correspond to amino acids that abolished ER localisation when mutated, as depicted in Figure S4B HeLa (ATCC), GP2-293 (Clontech) or Cos7 (ATCC) cells were cultured in DMEM containing 10% 434 FBS, Penicillin (100U/ml) and Streptomycin (0.1 mg/ml). Stable cells lines were generated by 435 transduction using MLV-based retroviruses as described previously (Carlton et al, 2008) , and selected 436 using Puromycin (200 ng/ml), G418 (500 µg/ml) or hygromycin (200 mg/ml) as necessary. Where 437 necessary, cells were sorted to monoclonality by limiting dilution or FACS. Cell lines stably expressing 438
Histone 2B-mCherry (H2B-mCh) and GFP-NLS have been described previously (Olmos et al, 2015) . An antibody against GAPDH (MAB374) was from Millipore, Calnexin (ab22595) was from Abcam, 459 Tubulin (DM1A) was from Sigma, CHMP2A (104771-AP) was from Proteintech (note, later batches of 460 this polyclonal displayed a non-specific band, marked with an asterisk in the relevant blots), GFP 461 (7.1/13.1) was from Roche, HA.11 was from Covance. Anti-RanBP3 (134052) was from Abcam. Anti-462 ERp57 (TO2) was from Sigma, anti-EEA1 (C45B10) was from Cell Signaling Technology. Anti-GST 463 (27457701V) was from GE Healthcare. Anti-HIS (2365) was from Cell Signaling Technology. Alexa 464 conjugated secondary antibodies were from Invitrogen and HRP-conjugated secondary antibodies were 465 from Millipore. 466 467
Subcellular Fractionation 468
Following the method of Graham, 2002 (Graham, 2002 , cells (approx. 100 million) were collected and 469 swollen for 10 minutes in homogenisation buffer (0.25 M Sucrose, 1 mM EDTA, 10 mM Hepes (pH 470 7.4)) and broken by 10 passages through a 12 µm-spaced ball-bearing homogeniser (Isobiotec). Nuclei 471 and cellular debris were pelleted by centrifugation (10 minutes at 1700 x g) and a post-nuclear 472 supernatant was layered on top of a 13ml continuous (0-25%) iodixanol gradient atop a 50% iodixanol 473 cushion. The gradient was centrifuged at 150,000 x g for 15 hours using an SW28 Ti rotor (Beckmann) 474 and 0.5 ml fractions were collected for analysis by SDS-PAGE and western blotting. (GGAGGUGUAUCGUCUGUAUdTdT, M-015514-11). Given the similarity between the CHMP7 494 sequence targeted by oligo-1 and RanBP3, we ensured that the CHMP7 oligos used in this study did 495 not suppress endogenous RanBP3, whereas a RanBP3-targeting siRNA (Smartpool M-011484) 496 effectively suppressed endogenous RanBP3 ( Figure 1E) . Complete mini, EDTA-free protease inhibitor (Roche) and 1 mM PMSF. Cells were lysed by addition 502 of lysosyme (1 mg/ml, 15 minutes), Triton X100 (0.25%, 15 minutes) and were snap frozen in liquid 503 nitrogen. Cells were thawed on ice, clarified through addition of DNAse1 (20 µg/ml) and soluble 504 proteins were collected by centrifugation at 28000 x g for 30 minutes. Proteins were immobilised on 505
Glutathione Sepharose 4b or Ni-NTA agarose resins, washed extensively in wash buffer (20mM Hepes, 506 pH 7.4, 150mM NaCl, 3.5% Glycerol). Proteins were eluted from Glutathione Sepharose 4β resin in 507 wash-buffer supplemented with 10mM reduced Glutathione (pH 8) and were dialysed against wash-508 buffer. Eluted proteins were stored at -80 o C. HIS-tagged proteins expressed from pET28a were 509 expressed and harvested similarly, barring that all buffers contained 20 mM imidazole, and that 510 proteins were eluted with a step gradient of imidazole. 511 512
Liposome binding assays 513
Liposome binding assays were performed as previously described (Cozier et al, 2002) . Briefly, Folch 514 extract was resuspended at 10mg/ml in CHCl 3 :MeOH (19:1) and was dried as a film onto a round- Alternatively, synthetic liposomes were prepared by drying mixtures of 1,2-dioleoyl-sn-glycero-3-518 phosphocholine (PtdCho (60%)), 1,2-dioleoyl-sn-glycero-3-phosphoserine (PtdSer (20%)) and 1,2-519 dioleoyl-sn-glycero-3-phosphoethanolamine (PtdEto (20%)) and resuspending similarly. 2.5% 1-2-520 dioleoyl-sn-glycerol (DAG) or 1,2-dioleoyl-sn-glycero-3-phosphate (PtdOH) was added if required. 521
Synthetic lipids were from Avanti Polar Lipids. Insoluble matter was removed by centrifugation (1000 522
x g, 1 minute) and liposomes were generated by bath sonication (5 minutes). In Figure S5B and S5C, 523 liposomes were generated by extrusion of the rehydrated synthetic lipids though indicated defined 524 pore-size nitrocellulose filters (Whatmann) using an Avanti Mini-Extruder. Proteins were diluted to 7 525 µg/ml in osmotically-matched protein dilution buffer (20 mM Hepes, 120 mM NaCl, 1 mM EGTA, 0.2 526 mM CaCl 2 , 1.5 mM MgCl 2 , 1 mM DTT, 5mM KCl, pH 7.4, 1% BSA was added to enhance solubility) 527 and were pre-cleared by ultracentrifugation at 120,000 x g for 45 minutes using a TLA100.3 rotor. 1 ml 528 of protein mixture was then combined with 10 µl of liposomes and incubated with shaking at 30 o C for 529 5 ( Figure 3A ) or 15 ( Figure 3B ) minutes. Liposomes were recovered by ultracentrifugation (120,000 x 530 g for 30 minutes); supernatant and pellet fractions were resuspended in equal volumes of Laemmli 531 buffer and analysed by western blotting. Band intensities were quantified by densitometry using ImageJ 532 and liposome-bound fractions were calculated. 533 534 Fixed cell imaging 535
Cells were imaged using Nikon Eclipse microscopes teamed with confocal (CSU-X1 Andor Spinning 536 Disc/Ixon3 EM-CCD) imaging systems. Images were processed in NIS Elements and exported to 537
Photoshop for assembly into figures. HeLa cells were fixed in MeOH (for CHMP2A-staining) or 4% 538 PFA and subject to processing for immunofluorescence as described previously (Carlton et al, 2012) . 539
Live cell imaging 540
HeLa cells stably expressing the indicated proteins were plated in 4-or 8-chamber Stickyslides (Ibidi) 541 adhered to a glass number 1 coverslip and transfected with the indicated siRNA where necessary. For 542 analysis of GFP-CHMP7 recruitment, cells were transferred to a inverted spinning disc confocal 543 microscope (Nikon Eclipse, teamed with CSU-X1 Andor Spinning Disc with Ixon3 EM-CCD) with 544 attached environmental chamber and imaged live using a 100x oil-immersion objective, acquiring 545 frames every 30 seconds. For enrichment of GFP-CHMP7 on the forming NE, background-corrected 546 maximal fluorescence fluorescence intensities on the telophase NE were normalised against those on 547 regions of adjacent ER. 548 549 For analysis of nucleo-cytoplasmic compartmentalisation, as described in (Olmos et al, 2015) , cells 550 were synchronised using a double thymidine block and 54 hours after siRNA transfection (10.5 hours 551 after release from the second thymidine block), cells were transferred to a inverted spinning disc 552 confocal microscope with attached environmental chamber and imaged live for 4 hours using a 20x dry 553 objective and a 1.5 x magnification lens, acquiring frames every 1-5 mins. The ratio of background-554 corrected, area-normalised, GFP-positive pixel intensities within the cytoplasm and mCh-H2B 555 demarcated nuclei at the indicated intervals were obtained using NIS-elements. Typically 20 daughter 556 cells per siRNA treatment were analysed and the indicated number of independent experiments were 557 performed as described in the relevant figure legends. 558
559
Modelling 560 CHMP7 residues 1-238 comprising tandem WH domains identified by HH-Pred (with a 4 residue 561 flexible linker replacing the insertion (residues 107-148)), was submitted to Swiss-Model server using a 562 template-directed homology search, returning VPS25 (3CUQ). Models were built and exported from 563
Swiss PDB-viewer. 564 565 Statistical analysis 566 2-tailed Student's T-tests, or ordinary 1-way ANOVA with the indicated post-hoc tests were used to 567 assess significance between test samples and controls and were performed using GraphPad Prism. N-568 numbers given as the number of independent experiments, n-numbers given as the number of cells 569 analysed. 570
